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A straiti of Escherichiu coli (FMJ144) deficient for pyruvate formate lyase and lactate dehydrogenase (LWH) was complemented with a genomic 
DNA iibc\lry from Laciobacilius delbrueckii subsp. Lirlgaricus. One positive clone showed LWH activity and production of W(-)lactate was 
demonstrated,. The nucleotide sequence of the W-LDH gene (/&A) revealed the spontaneous inseetion of an E. coli insertion sequence IS2 upstream 
OF the gene cod&g region. The open reading frame encoded a 333-amino acid protein, showing no similarity with known L-LWH sequences but 
closely related to L. cosei W-hydroxyisocaproate dehydrogenase (W-HicDW). 
W-Lactate dehydtogenase; Ins&on sequence 1st; Lactobacillus delbrueckii subsp. bulgaricus; W-Hydroxyisocapeoate dehydrogenase 
1. PNTRODUCTlON 
The NADH-dependent lactate dehydrogenase 
(EDH) is a key enzyme in the fermentative metabolism 
of lactic acid bacteria, since it allows re-oxidation of the 
NAD needed for glycolysis through the coupled reduc- 
tion of pyruvate to lactate. Two configurations are 
known for lactate: L(+) and D(-). Stereospecificity is 
achieved by distinct enzymes called L-LDH and D- 
EDH. Lactic acid bacteria produce either one or the two 
forms of lactate. For example, more than 90% of the 
lactate produced by Lactobacillus delbrueckii subsp. 
bulgaricm (in short, L. bulguricus) is of the D-form [l]. 
Little is known about the evolutionary relationship 
between L- and D-LDH. More than 25 years ago, the 
suggestion was made that these two enzymes had a 
common ancestry [2]. This claim was based upon limit- 
ed peptide analysis and remained unchallenged, ue to 
the lack of relevant information about D-LDH as oppo- 
sed to L-LDH of which the primary and tertiary struc- 
lures are known in detail [3]. Two recent reports provide 
SOLO insights into this fundamental problem. Le Bras 
and Garel [4] and Clarke et al. [5] just reported the 
sequence of about 50 N-tcrrninal amino acids of L. 
bulgaricus D-LDH. This sequence bears no resem- 
blance to L-LDH but, as Clarke et al. [5] pointed out, 
closely matches the corresponding region of L. cesei 
D-hydroxyisocaproate d hydrogenase (D-HicDH) /6]. 
Thus, the opposite view that D- and L-%DH are des- 
tended from distinct evolutionary ancestors is now fa- 
voured. 
In this paper, we report for the first time the corr~pIete 
genomic sequence of a D-LDH gene cloned from L. 
bulgaricus. We show that this protein exhibits no simi- 
larity with the L-.LDH framework besides the co-en- 
zyme binding site, but that it is closely related to L. casei 
D-HicDH. 
2. MATERIALS AND METHODS 
General molecular biology and cultuee techniques were performed 
according to the instructions and recipes given by Sambrooket al. 671, 
2. I. Bacterial strains and plasmids 
tictobacillus delbrucckii subsp. b&a&us LMG6901 (= NCIB 
11778) was obtained from Wr W. Janssens (LMG Culture Collection, 
Lab. voor Microbiologic, Gent). E. coli FMJ 144 (pfl- Idh- CmR) was 
obtained from David P. Clark, Southern Illinois University, Car- 
bondale [$I. The vectors used were pJWC9 [9] for complementation 
and pBluescript phagemids (Stratagene) for subcloning and sequenc- 
ing. 
Abbreviations: L-LWH, L-lactate dehydrogenase (EC 1.1 .I .27); W- 
LDH, D-lactate dehydrogenase (EC 1 .l .1.28); W-HicDH, W-hydro- 
xyisocaproate dehydrogenase. 
2.2. Growth and selection media 
L. bulgaricus was grown in 25.ml bottles at 37°C without shaking 
in MRS broth (Wifco 088 1). Forcomplementation, FMJ144 strain was 
grown anaerobically at 37OC on M9 minimal plates with glucose 0.4% 
and amino acids 0.2%. The selected clones were grown aerobically at 
37°C in LB broth. Antibiotics were used at the following concentra- 
tions (in FgIml): ampicillin 100, chloramphenicol SO, erythromycin 
250. 
Correspondence address: J, Welcour, Laboratoire de GCnCtique 
Mol&ulaire, Unit& de GbnCtique, UniversitC atholique de Louvain, 
Croix du Sud 5 (bte 6), D-134$ Louvain-la-Neuve, Belgium. Fax: (32) 
(10) 473109. 
2.3. DNA preparation and construction c$ the genomic library 
.L. bulgaricus was grown to mid-log phase in 600 ml of MRS me- 
dium. Cells were pelleted and resuspended in 4 ml TEN buffer (Tris- 
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HCI 100 mM, EDTA 100 mM, NaCl 150 mM, pH 8). Lysozymc (20 
mg/ml) and mutanolysin (Sigma: 50 pg/ml) were added. Lysis was 
performed successively at 4OC for 2 h, at -20°C for 25 min and finally 
at 95°C for IQ min. After RNase A addition (50 j@ml), incubation 
was continued at 50°C for 15 min and then at 65°C for I h after 
addition of proteinase K (100 ,ug/ml) and SDS (1%). The lysate was 
extracted 3 times with a mixture of chloroform and iso-amyl alcohol 
(24 voV1 vol). The aqueous phase was removed and placed in a 50-ml 
glass cylinder. DNA was precipitated with the addition of ice-cold 
absolute ethanol and then rolled around sterile glass sticks. The DNA 
was dried and dissolved in 1 ml Tris-HCI 10 mM, EDTA I mM, NaCI 
50 mM, pH 8. Chromosomal DNA was totally digested with &ramHI, 
cloned in pJDC9 vector and transferred into FMJ 144 strain by electro- 
poration. 
2.7. PAGE annlysis 
Crude cell extracts from L. bulgaricus and from the E. co/i transfor- 
mants were analysed by PAGE analysis (10% asrylamide) under non- 
denaturating conditions (Tris 250 mM, Glycin 200 mM, pH 8.3). Gels 
were stained with Nitroblue tetrazolium (0.2 mg/ml) in the presence 
of NAD (OS mdml) with either L-lactate (4.8 mg/ml) or a mixture of 
L- and D-lactate (l/l, 9.6 mgml). 
2.8. DNA sequence 
Sequencing reactions were carried out on single-strand DNA by the 
primer walking technique using Sequenase (USB). Computer analysis 
was performed using PC/GENE (lntelligcnetics). 
2.4. Selection by conrplenrenration 
Transformed cells were plated onto M9 medium and incubated 
anaerobically at 37°C. Colonies growing after a few days were isolated 
on M9 with chloramphenicol and erythromycin. Transformants were 
further analysed by plasmid isolation and restriction, back transfor- 
mation and enzyme activity assays. 
2.5. Enzyme assays 
LDH activity was assayed with pyruvate on crude cell extracts. The 
assay mixture (I ml) contained phosphate buffer at pH 5.6 (KH2PD4 
73 mM, Na2HP09 3.5 mM), NADH 0.2 mM and 1 to 50 PI crude 
extract. Sodium pyruvatc I mM was added to start the reaction. 
NADH oxidation was followed by the decrease in absorbance at 340 
nm. 
2.6. Lactic acid assay 
Production of lactate in the culture medium was measured spec- 
trophotometrically. Lactate was oxidised by commercial stereospecilic 
LDH in the presence of NAD. The increase in absorbance at 340 nm 
was used to calculate the concentration of L(-+) and D(-) lactate in 
3. RESULTS AND DISCUSSION 
3.1. Cloning of the I.. bulgaricus D-LDN gene 
FMJ144 strain was electroporated with a ligation 
mixture containing approximately 200 000 recombinant 
plasmids and transformants complemented for growth 
in the absence of oxygen were selected on M9 minimal 
medium. 60 positive colonies were streaked on LB 
pIates with erythromycin and chloramphenicol and in- 
cubated anaerobically at 37°C. Twelve colonies grow- 
ing in the presence of the antibiotics were retained for 
further analysis. They were assayed for LDH activity 
together with E. bulgaricus and E. coli FMJ144 (pJDC9) 
as controls. One clone harboring a plasmid with a 3.4 
kb BarnHI insert (named pGIN012) was shown to ac- 
tively produce D-LDH. Lactate was shown to accumu- 
late in the culture medium at a concentration of 0.55 g/l 
after 16 h of anaerobic culture. No lactate could be 
the supernatants of 16 h anaerobic cultures (Boehringer Mannheim, 
kit I II2 821). I 
Fig. I. Non-denaturating PAGE of LDH stained for activity on D/L 
lactate. Lane 1, crude extracts from L. bulgaricus; lane 2, crude extract 
from E. coli FMJ144(pGINOl2); lane 3, purified D-LDH from L, 
Ieichmanii (Boehringer Mannheim). A similar analysis performed on 
L-lactate gave no activity for the three enzymes tested. 
Fig. 2. Southern blot analysis. Lane 1, Wi~~dllI-restricted phage2; lane 
2, BanrHI-restricted pGIN012; lane 3, f3uclmHIrestricted L. bulgaricus 
genomic DNA. The probe is the BarnHI insert (arrow) of pGINOl2 
(upper bands in lane 2 are partial digestion products.). 
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(1) MTKIFAYAIREDEKPFL~~DAHKDVEV&YTDKLLTPETIIAWKGA 
I II II I II I I I Ill 
(2) n-rtrIAYcNIWSIgYFKQN~D_TGNTLSYKTSF~DSNT~W~G~DG~ 
II III III 
WYOQLDYTASTMALMNGITKHSLRHVGVDNIDMAKAKeLCFQPTNVP 
NSL~TTP:~GVFK~YG~KFLT~~GT~N~D”T~~Y~~NLS~ 
II lllllll llllll I I lllll 
. , . . . . .tstracttJttteagtgatattggte~ 
-35 IRE -10 
~~~ZXTGTGTIACTATTATCAATGT~GAGCAA~T~C SGAGCGACAATTMTGACT 
RSS H T 
AAAATTTTTGCTTACGCMTTCGTW.&GATGWGCCATT~TGAAGGAATGGGAAGAC 
KTFAYAIREDERPFLREWED 
ADV~SLHVPDVPANVHMINDESIAtQUQDWIVKVSRGPLVDTDAVIRGL 
IllI IIII I I lllll I III1 II III1 III I 
SDV~DLHVPGI&ONTR~.N~~GAIYTNT~NLIDZD~NL 
DSGI~IFGYAMDWe~VGI~EDWEG~FPDARLADLILPlITA 
IIII I II II I I I III llllllll I 
KSGKLAGVGIDTYEYETEDLLNIAKNGSFKDPLWDELLCHPNW=LSPHIA 
GCTCACAAGGACGTCG&X3TGAkTACACTGACMGCTTTTGACCCCAGAAkCTGTTGCT FYTTHAVNNNVVXAFD NNLELVSGKSAETPV----KVG -333 
AHKDVEVEYTDRLLTBLTVA Ill II III I II I 
WTETAVHHMWFSTX)HLVDFL~~P~K~LVDD~ -334 
TTGGC~GC~GCTGACGGTGTTGTTGTTTACMCTCT 
,,AKGADG”VVYOBLDYTAET 
CTGCAnGCTTTGGCAGACMCGGCATCATOAOCCTCC 
tOALADNGITKHSLRNVGVD 
MCnlCGAChTGGCTMGGCTIG~CTTGGCTTC~Tr~CC~C~TCCAGTTTAC 
NID#AKAKELGFQITNVPVY 
Fig. 4. Upper panel: comparisons (CLUSTAL) between the N-termi- 
nal sequences of L. htlguricus D-LDH (line 1, this work; line 2, ref. 
[4]; line 3, ref [S]; (*). identical amino acid; (0. similar amino acid). 
Lower panel: comparisons (PALIGN) between L,. brdgaricus D-LDH 
(line 1, this work) and L. cusei D-HicDH (line 2, ref. [6]). The NADH- 
binding site [6] is overlined; the totally conserved residues of the motif 
MGGCSATGGACORAAAGGTTGCCCGTCACGACTTGCGTTGGGCAC~CTATCGGCC~ 
KAMDBKVARHDLRWAPTIGR 
[13] are marked by a star. 
GAAGTTCGCGACUUGTTGTTGGTGTTATAGGTACTGGCcACATCGGTC,.WTcTTCATG 
&“RDOVVGVIGTGHIGQ”PH 
CAAATCATGGMGtCTTCGGCGCT~GGTTATCA~TACGA 
OIMEGFGAKVfTYDIFRNBE 
which were defective in complementation, were used for 
sequencing. 
TTGGAAMGMGGGCTACTACGTAW,CTCACTTGACGhCCTGTACAAGCAAGcTGACGTT 
LEKKGYIVDSLDDLYROAD” 
ATTTCCCTGCACGIlCCTGACGTTCCAGCT~CG~CACAT~TC~C~C~GTC*~ 
ISLHVPDVPANVHHINDESI 
CJICGCGG+5ATCCGTGGTTTGGACTCAGGCU\GAmTTCGTAC 
DAVIRGLDSGKIFGYAHDVY 
OIAGGTGAllGTTGGCATCTTCAACWGACTGGGMGGCKCGT 
ECE”GIFNEDW8GKEPPDAR 
TTAGCTGACTTMTCGCTCGTCCNV\CG1ZCTGGTTCTGGT~CTCCACACA~~TTTCTACACT 
LADLIARPNVLVTPHTAFYT 
ACTCACGCTGTTCGCAACATGGTAGTTAAGGCCTTCGACAACAACCTTGAATTGGTTGAA 
THAVRNHVVHAFDNWLELVE 
A Southern blot analysis was performed on E. bulga- 
ricus chromosomal DNA using as a probe the 3.4-kb 
BarnHI insert from pGINO12 containing the D-LDN 
gene. Fig. 2 shows that the cloned BumPIP fragment was 
larger (by about 1.8 kb) than its chromosomal homo- 
logue. According to the restriction map and in view of 
other examples in the literature [IO, 111, we suspected the 
insertion of an E. coli insertion sequence, ISZ. This was 
confirmed by sequence analysis (see below). 
GGCNIGGiVlGCTWVlACTCWIGPTAACGtZOOCT~TCTAGCCGCTTA-TCCCTTTT 
GKEAETPVKVG- 3.2. Sequence analysis 
TT8dAACCTACAMTTTTCTTACAACMTCTTAhA 
ATACATACTTTTAAACTTATCATTIWVITCThAAACGMkACCCCGCGGG 
Fig. 3, Nucleotide sequence and deduced amino acid sequence of 
D-LDH. The structure of the pGlNOl2 insert is outlined at the top. 
The sequence starts at the right BnrptHI cloning site. Only part of the 
IS2 sequence is given (lower cast letters; underlined: inverted terminal 
repeats; overlined: target site direct repeats). The -35 and -10 boxes 
of a a putative substitute promoter brought by IS2 are outlined. The 
The sequence of the L,. buigaricus D-LI3I-I gene (IdhA) 
is presented in Fig. 3. Its open reading frame is preceded 
by a putative ribosome-binding site and encodes a 333- 
amino acid protein with a predicted molecular weight 
of 37 079 Da. 
Insertion of the mobile element IS.2 was confirmed by 
the sequence. This insertion occurred just upstream of 
the gene coding region. We believe it was beneficial for 
the cloning of the D-LDI-I gene in E. coli due to the 
disruption of the genuine structure of the locus likely to 
be detrimental or lethal for this host. This view is based 
upon the reported difficulties encountered during the 
cloning of the closely related D-HicDI-I gene [6] and is 
further strengthened by our observation that the 
pGIN012 clone exhibits very pop3r growth. A positive 
effect for IS2 insertion might be the subtraction of the 
D-LDH coding region from. the influence of its own 
promoter, which might be too strong. This implies that 
IS2 should provide a substitute, weaker promoter. In 
presumed ribosome binding site (RBS) is underlined. 
detected in the FMJ144 (pJDC9) supernatant. The 
lactate produced was exclusively of the D(-) type. 
PAGE analysis (Fig. 1) confirmed the stereospecificity 
in the. cloned enzyme and showed that the enzymes 
produced in L. bulgaricus and in E. coli (pGINO12) had 
identical electrophoretic mobilities. A partial restriction 
map of pGIN012 was established (Fig. 3). The 3.4-kb 
insert was digested with BarnHI and EcoRI and sub- 
cloned in pBluescript vectors. The resulting subclopes, 
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agreement with this suggestion, inspection of the IS.? 
sequence proximal to the D-LDH coding region reveals 
the presence of a promoter-like sequence. As to the 
genuine D-LDH promoter, several candidates (about 
10) can be identified within a lOO-nucleotide stretch 
preceding the ribosome-binding site, some of them 
being flanked by TG dinucleotides typical of Gram+ 
promoters f,l2]. We speculate that this segment of DNA, 
bearing multiple consensual promoters, is likely to drive 
D-LDH expression in I.2 coli to a lethal level. 
The deduced N-terminal protein sequence closely 
matches (Fig. 4, upper panel) the corresponding report- 
ed segments of L. bulgaricus D-LDH enzymes [4,5] ex- 
cept for 6 substitutions (4 conservative) which most 
probably result from strain polymorphism. The D- 
LDH framework is highly similar (53%) to L. casei 
D-HicDH [6J (Fig. 4, lower panel), in agreement with 
the conclusion recently drawn by Clarke et al. [5] from 
limited N-terminal sequence comparison. No similarity 
could be found with L-LDH, besides the NADH- 
binding motif [6] common to all NADH-dependent de- 
hydrogenases (in particular the GxGxxG adenine ribose 
motif and the ‘D53’ aspartate which selects NAD from 
NADP; ref. [ 131) nor with any other protein sequence 
available in data banks. Our results therefore definitely 
demonstrate that D-LDH pertains to a family of 
NADH-dependent dehydrogenases distinct from E- 
LDH, as suggested by Clarke et al. [5]. Both enzymes 
catalyse the same redox reaction and they share a com- 
mon motif for the binding of co-enzyme. Yet, their over- 
all framework is different. The molecular architecture 
of L-LDH is known with high precision and represen- 
tatives of the family, although widely spread among 
bacteria as well as higher organisms, strictly fit a com- 
n-ton design [3]. The cloning of D-LDH and the 
demonstration of its close similarity to D-HicDH have 
revealed the existence of a new family of enzymes 
devoted to the same redox function but with a different 
structure. 
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